Abstract-In this paper, we investigate resource block assignment in femtocell networks. A resource block assignment algorithm is considered to avoid co-channel intercell interference and ensure service quality for femtocell networks with dense and random femto deployments. We first formulate the optimization problem as the integer linear programming (ILP) on resource block assignment. The goal of the optimization problem is to maximize the overall utilization of resource blocks with quality of service (QoS) constraints. We propose an efficient and simple algorithm termed interference-aware resource block assignment (IARBA). By considering conditions of resource blocks, the proposed approach achieves better resource block efficiency and assignment within QoS requirements. Our analytical and simulation results show that IARBA not only provides interferencefree resource block assignment but also outperforms existing schemes in terms of average throughput with comparable complexities.
INTRODUCTION
In recent years, the demand for higher data rates and ubiquitous wireless coverage grows rapidly with the proliferation of advanced mobile terminals and high bandwidth applications. Studies show that over 2/3 of calls and 90% of data services occur indoors [1] , whereas 41% of household mobile consumers experience service interruptions on the daily basis [2] . In order to deliver high data rates to mobile devices, femtocell networks emerge as a promising solution for homes, offices, metro hotspots. A recent study estimates that the annual growth rate of worldwide femtocell market will reach 71% between 2011 and 2015 [3] . The deployment of femtocells is expected to rise rapidly in the near future.
Femtocells are deployed by users rather than network operators. Without any concerted planning, certain areas may encounter high-density deployment of femtocells. The main challenge for network operators is to ensure that femtocells can avoid interferences in using their radio resources coexisting with other neighboring cells under dense and random deployments. Since femtocell networks are co-channel deployed to reuse the same radio resources, the unavoidable co-channel interferences occur with the neighboring Fig. 1 . Interference in femtocell networks. femtocells using the same radio resource with the desired signals [4] . The sources of co-channel interferences include femtocells and femtocell user equipment (FUEs). Co-channel intercell interference incurred by neighboring femtocells/FUEs sharing the same radio resources decreases the quality of communications [4] . We show in Figure 1 a typical scenario of femtocell networks in an office environment, where each room is deployed with its femtocell independently without any prior agreement on resource block arrangements and femtocell placements. Based on orthogonal frequency division multiple access (OFDMA), the smallest radio resource unit that can be assigned to a FUE is a resource block. The number of resource blocks is restricted to transmission schemes for OFDMA. Moreover, the amount of resource blocks allocated to each user is based on its quality of service (QoS) requirement. With the limited radio resources, resource assignment becomes an important performance factor in femtocell networks.
In this paper, a concentrated resource block assignment algorithm is proposed to avoid co-channel intercell interference and reuse resource blocks. Since femtocells will connect to the internet through a femtocell management system (FMS) based on the 3GPP specifications [5], the FMS is designed to support the resource block assignments. Our approach, termed interference-aware resource block assignment (IARBA), considers all requests of femtocells simultaneously. We formulate the assignment problem to maximize the overall resource block efficiency with quality of service (QoS) ☺ ☺ constraints. A heuristic algorithm, termed interference-aware resource block assignment (IARBA) is proposed to approach the assignment problem.
Our major contributions include: 1) we formulate the assignment problem as an optimization problem; 2) we proposed a heuristic algorithm to solve this problem; 3) the cochannel and co-tiered interference can be entirely avoided, and no additional operation is needed in the design of femtocells; 4) the resource efficiency is improved and more femtocells can be accommodated within the same amount of resources; 5) the QoS requirements are guaranteed for all connections in the proposed scheme.
The remainder of the paper is organized as follows. In Section II we discuss related works on resource allocation schemes. Section III formulates the problem model as an Integer Linear Program (ILP) form. In Section IV, the proposed algorithm IARBA is presented to solve the above problem. Then, the simulation is performed to evaluate the performance of our algorithm in Section V. Finally, we conclude this paper in Section VI.
II. RELATED WORK
Many works has been done to reduce the co-channel intercell interference and achieve good throughput performance. Several investigations were based on cognitive radio techniques to exploit their knowledge of the radio scene for interference management [6] . Huang et al. [7] proposed implementation of cognitive femtocell base stations for resource allocation by using a game-theoretic framework. With cognitive femtocell base stations, Lien et al. [8] recommended the insertion of sensing frames to scan the whole wireless resources periodically. In above approaches, cognitive radio techniques need to monitor the wireless environment and cognitive radio capabilities need to be incorporated into the femtocell base-stations. Some approaches of resource allocation were based on graph coloring algorithm. Tan et al. [9] presented GC-DSA as a graph coloring based dynamic subband allocation technique to avoid downlink interference. Uygungelen et al. [10] also developed GB-DFR as a resource allocation method based on graph coloring. With graph coloring algorithms, the assignment of resources to a femtocell is restricted to a determined color; therefore, the resource efficiency is limited.
In order to improve the resource efficiency in OFDMA systems, frequency reuse schemes have been introduced [11] . Rahman et al. [12] proposed a partial frequency reuse schemes for macrocells that utilizes intercell coordination. H.-C. Lee [13] proposed an adaptive fractional frequency reuse scheme where the overlapping coverage areas between femtocells are required to decide the allocated resources. To reduce the loading of femtocells, K. Sundaresan et al. [14] proposed a distributed random access (DRA) scheme which decides the allocated resources randomly. Their approaches suffer from co-channel intercell interference. In the prior work, we proposed an adaptive intercell interference avoidance scheme named RAFF to avoid co-channel intercell interference which is based on the interference experienced by femtocells [15] . IARBA differs by taking into account all connections from femtocells simultaneously. IARBA also applies to a more effective resource block assignment algorithm to improve resource efficiency. 
III. PROBLEM MODEL
An optimization problem is formulated to allocate the total available resource block for all femtocells. We first model a femtocell network as a graph G V, E , where V v , v , … , v F represents the set of femtocells and E represents the set of interfered links among neighboring femtocells. The number of femtocells is denoted as |V| F . Let the interference link n between the femtocell v and v be defined by
A set of resource blocks B maintained by a FMS is denoted as B b , b , … , b M , where the number of resource blocks is |B| M. To describe the assignment of resource blocks, an indicator parameter a is defined as 1, 0, if is allocated to otherwise . Figure 2 shows the relation of a between resource blocks and femtocells. We define the resource block efficiency α as the accumulative utilization of b , where α ∑ a …F . Our objective function is to maximize the amount of all resource block efficiencies, expressed as max ∑ α …M . In order to prevent co-channel intercell interference, a resource block cannot be assigned to adjacent femtocells. Therefore, the condition n · a · a 0 should be satisfied, i 1 … F , j 1 … F , and k 1 … M . Moreover, the amount of assigned resource blocks should be constrained as ∑ u …M M, where
Since different connections require different amounts of resource blocks to support the QoS specifications, the QoS constraints, as measured by the required number of PRBs, are taken into consideration. We apply nine different services specified by 1~9 QoS class identifiers (QCIs) defined in 3GPP long term evolution (LTE). A connection c belongs to a type of QCIs including the constraints of GBR, the required PRBs, and the delay. Let N n , n , … , n be the set of all connections with QCI 1…9, where n represents the set of connections with QCI q . The services of QCI 1~4 are applicable to conventional voice, conventional video, buffered streaming, or real-time gaming. The QCI 5~6 applies to IP multimedia signaling or live streaming; QCI 7~9 applies to file sharing, email, P2P, or Web. The allocated resources must be sufficient to meet the requirements for the corresponding QCIs in both uplink and downlink transmissions. Furthermore, because guarantee bit rate (GBR) is required in QCI 1~4, the allocated number of resource blocks should be equal to the requested ones. We denote N GBR n , n , n , n as the set of connections constrained by GBR. The remaining QCI 5~9 are non-GBR which allows flexible resource block assignments. The set of connections constrained by non-GBR is defined as N G n , n , … , n with QCI 5…9. Notice that N N GBR N G and N GBR N G
.
The above considerations can be summarized as the following optimization problem to allocate the total resource blocks for all connections. 
Subject to:
, , ,
, .
The expression of the objective function (4) aims at maximizing the total resource block efficiency over the network. Equations (5)- (9) are the model constraints as described above. To prevent the co-channel intercell interference, the equation (5) ensures that the same resource blocks cannot be allocated to neighboring femtocells. The inequality (6) gives the upper bound of assignments. The constraints (7)-(9) guarantee QoS requirements for connections.
The above optimization problem is formulated by using ILP which incurs huge computational complexities because an ILP problem is a NP-complete problem. In the assignment problem, the system parameters include the huge number of connection requests, available resource blocks, and femtocells, which incur high complexities. Therefore, the optimality is to be approximated through our proposed heuristic approach in the next section.
IV. PROPOSED ALGORITHM
As shown in Section III, the femtocell resource block assignment problem is NP-complete; the optimal algorithm achieving the optimum resource block assignment often incurs high complexities. Thus, we resort to the heuristic algorithm that can efficiently provide moderate solution. Here, the computational efficiency is a major concern because the femtocell resource block assignment occurs frequently. The feasible solution is to provide a non-optimal but useable assignment in an efficient way, instead of the high-complexity optimal algorithm.
The design of our proposed IARBA is due to the observation that the combination of different maximal weight independent set (MWIS) usually gives a good fit of resource block assignment. With such observation in mind, the realization of such idea could be straightforward. For a femtocell network with F femtocells, each has its own demanded resource blocks. Let A be an arbitrary approximation algorithm for MWIS. After receiving the demands from all of the femtocells, the initial condition G is set as the minimum requirement of resource blocks for each QCI, where G G . Then, a FMS iteratively applies A on the graph G in the i-th iteration, i 0, with G . We should note that G is constructed in a way such that G is a sub graph in which the vertices belonging to the MWIS of G have been removed. The above procedure is iteratively applied until all resource blocks are assigned. Finally, the unsatisfied femtocells are particularly assigned with non-interfering resource blocks.
From the graph theory point of view, different MWISs are selected in each iteration. From femtocell resource block assignment point of view, a set of femtocells offering maximal resource satisfaction in the corresponding iteration is selected. Note that the set of femtocells that offer the globally maximal resource satisfaction will be selected with the highest priority, i.e., it will be selected in the first iteration. Particularly, considering a MWIS selected in a specific iteration, we can observe that, for the current iteration, the allocation of the resource blocks for those nodes achieves the maximal satisfaction in a greedy way. More importantly, the selection of MWIS is able to guarantee that assigning the resources to those nodes do not lead to interference among those nodes.
Assume that for a specific MWIS, the node v has the maximal weight; i.e., v has the most demands m in the corresponding iteration. In our IARBA, the first m resource blocks are all allocated to the nodes in the MWIS in the current iteration. This is to avoid the interference between the nodes from different MWISs. Thus, our algorithm works as follows. Each time the FMS finds a MWIS with m being the maximal demand for resource blocks. The first m resource blocks are then reserved for the nodes in MWIS in the current iteration. At the end of the current iteration, the nodes in the MWIS will be removed from the graph and the remaining nodes constitute the graph for the next iteration. Note that the next iteration will be executed in a similar way with the exception that the resource blocks will not be distributed from 1. For example, in the second iteration, resource blocks will be from m 1. Figure 3 gives an example to describe the procedure of our algorithm, where ten femtocells with their corresponding demands and interfered edges are given to request eight resource blocks. For instance, femtocell 2 requires 3-7 resource blocks and its interfering node is femtocell 1, 3, 4 and 5. In IARBA, the initial graph G is set as the minimum requirement of resource blocks. Then, MWIS is continuously applied to assign most resource blocks for non-interfering femtocells until all resource blocks are assigned in iterations. Remaining resource blocks can be allocated to the requested femtocells within the maximal weight m.
V. SIMULATION RESULT
We compare the performance of IARBA with two other resource block assignment algorithms, DRA and RAFF. We evaluate IARBA using the system parameters of 3GPP LTE, which are listed as in Table I . The scenario is consisting of an area of 100 square meters uniformly random distributed with femtocells with a circular coverage radius of 10 meters. The coverage areas of femtocells may overlap with one another in the deployment. We arrange a certain number of femtocells which were 10, 20, 30, 40, 50, 60, 70, 80, 90 , and 100 for each simulation, where the average numbers of neighbors are 1.40, 4.10, 4.80, 6.30, 7.08, 7.69, 8.49, 9.63, 10.44, and 11.88, respectively. All femtocells are controlled by a FMS in charge of allocating resources. The required data rate and the number of required resource blocks are set to meet the requirement in 64 QAM wireless channel quality in 3GPP specification [5] .
Since different QCIs apply to different types of applications, we generate traffics corresponding to the various applications in mobile phone networks.
We compare the average throughput of IARBA, DRA and RAFF in Figure 4 . When the number of femtocells is 10, Figure 4 shows th DRA and RAFF, IARBA achieves 23% and in the average throughput respectively. connections gathered by the FMS are imp good assignments to improve resource eff shows the average interference ratio of conne DRA and RAFF. According to the random s DRA, one resource block could be alloc femtocells. Although the assigned resourc limited by the interference in DRA, their c from the interference. Notably, the propo RAFF assign resource blocks without interfer will be no interference for each connectio IARBA can completely avoid the interfe contrast to the average interfered connection in DRA.
VI. CONCLUSION
In recent years, femtocell network industrial and research attentions due to the services. The femtocells are assumed to be up by inexperienced users. Therefore, devel resource assignment algorithm is very impo networks. In this paper, we formulate th assignment problem as an optimization prob problem is NP-complete, we propose a h IARBA to provide interference-free ass overcomes the weaknesses of DRA, R approaches. In IARBA, a set of femtocel maximal resource satisfaction in the corre will be selected. We propose the IARB conduct simulations to verify the effectivene approach. Simulation results show that provides effective resource assignments wit Compared with DRA and RAFF, the pr improves by 23% and 11% in the av respectively. 
